One of the key problems in the pathogenesis of pyelonephritis is to explain how obstruction of urine flow renders the kidney more susceptible to infection. Since urine is a good culture medium, slowing of its excretion doubtless provides opportunity for more luxuriant bacterial multiplication, but there are indications that other consequences of urinary obstruction favor the growth and survival of bacteria in the tissues of the kidney. The purpose of the present communication is to review the existing evidence on this subject, and to report some additional pertinent experiments. The latter include observations on the development of acute pyelonephritis when the urine contained a concentration of antibiotic sufficient to inhibit growth of bacteria, and a comparison of the relative degree of susceptibility conferred by obstructive lesions of different ages.
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MATERIALS AND METHODS
The techniques utilized have been described in previous reports from this laboratory.' 7- All studies were performed with white New Zealand male rabbits weighing 2-3 Kg.
RESULTS
Renal infection by a streptomycin-sensitive organism during excretion of streptomycin in the urine. Utilizing the fact that streptomycin is concentrated during excretion in the urine, experiments were designed to test whether pyelonephritis could develop at a time when the urine contained an inhibitory concentration of this drug. Preliminary tests showed that an effective antibiotic level could be expected for several hours after the intramuscular administration of 5 mg.
Six rabbits were employed in these experiments. Each received a preliminary intramuscular injection of streptomycin. One hour later the animal was anesthetized, the peritoneal cavity opened, bladder urine was aspirated for test of its antibacterial properties, and then a second intramuscular injection of streptomycin was given. To induce pyelonephritis, 0.05 mg. of diluted bacterial culture, containing 10' to 108 viable E. coli, was injected into the medullary tissue of the kidney. As described previously,8 this procedure causes the prompt escape of some bacteria into the urine, and the development of acute suppurative infection in the segment of kidney obstructed by the needle puncture. The present experiments were each terminated at the end of six hours following the bacterial inoculation. At that time the bacterial contents of whole kidney and of bladder urine were determined. In two of the six animals growth was not obtained from kidney tissue nor from bladder urine, undoubtedly because of the presence of an inhibitory concentration of streptomycin in both areas. In the remaining four, however, although bladder urine cultures were sterile, there was evidence of active bacterial multiplication in the tissues of the kidneys, since the number of organisms found there was 10' to 10'. Tests of the bladder urines of all six animals showed that at the time of bacterial inoculation and at the time of conclusion of the experiments the concentration of antibiotic was sufficient to prevent growth of the test organism in itro.
As discussed in the original description of this form of experimental pyelonephritis, the needle puncture through which the bacteria are delivere, to the medulla produces a zone of intrarenal obstruction. The resulting area of infection remains confined to the zone of medulla and cortex affected by this small obstructive lesion. A question which must be considered, therefore, is whether one can assume that the streptomycin effect was the same in the obstructed tubular fluid as in the bladder urine. To gain information on this point the same experiment was carried out in five rabbits with the single modification that the ureter was ligated just before bacteria were injected into the medulla. This would obstruct all nephrons, including those whose collecting ducts had been severed by the needle puncture. Despite the extreme susceptibility which is characteristic of the totally obstructed kidney, culture six hours later gave no bacterial growth in any animal, indicating that streptomycin was highly effective in the presence of obstruction of all nephrons. The fact that it prevented bacterial survival in the kidney tissue is probably attributable to diffusion from the trapped urine throughout all tissues. At any rate it seems justifiable to assume that the degree of intrarenal obstruction caused by the needle puncture did not nullify the effect of streptomycin already present in the obstructed nephrons.
Duration of obstructing lesion in relation to susceptibility to infection. Obstructing lesions of different ages were compared with respect to their influence on susceptibility to infection. The type of obstruction was a small medullary injury produced by a surgical cautery. Intravenous inoculation of 10' E. coli after an interval of one week results in acute pyelonephritis in about 85 per cent of instances.9 In the present study 23 rabbits were subjected to this type of obstructive renal lesion, but the bacterial challenge was delayed for two to four months. On subsequent examination, one week after the hematogenous infection, no gross infections were found, and cultures of blood, urine and kidneys gave no growth, save for a single kidney which contained 10' bacteria. The injured kidneys all showed medullary scars and dilatation of the nephrons tributary to the regions of the scars. As a control on the infectivity of the test strain of bacteria, six additional animals were given the same renal injury and then challenged by intravenous inoculation after an interval of only one week. Abscesses resulted in five of these kidneys, and cultures revealed the presence of more than 10' bacteria.
It appears, then, that a kidney with medullary obstruction and intrarenal hydronephrosis is more susceptible to infection one week after injury than after two to four months. Obviously there are great diifferences in these lesions at the two time intervals. We would emphasize, however, that there was pronounced tubular dilatation in considerable sections of the kidneys in all preparations, and that the only point under scrutiny here is whether growth of bacteria in stagnant urine is the principal factor in the susceptibility to infection which characterizes obstructive lesions.
DISCUSSION
The experiments reported in this article were discussed as they were presented. Neither type can be regarded as offering conclusive proof, but the findings seem to indicate that obstruction affects the susceptibility of the kidney to infection by some means other than the provision of a stagnant pool of culture medium from which bacteria invade renal tissue. The findings are in keeping with the concept that the host-parasite relationship is affected by obstruction in such a way that bacteria flourish in the renal tissues, and then spread to the urine. The salutary clinical responses which commonly result from relief of obstructive lesions are therefore probably attributable to more than the mere speeding of urine flow. '7 There is no intent here to minimize the importance of urine as an excellent culture medium, scarcely affected by the principal host mechanisms of antibacterial action, and serving as a reservoir for bacteria as well as a vehicle for their transport between different parts of the urinary tract. A large volume of clinical observation suggests that the commonest sequence of events in the development of human pyelonephritis is first the colonization of bladder urine by bacteria, then, and especially in the presence of obstruction, the occurrence of pyelonephritis.' Animal experiments have given support to the concept of 'ascending infection.' For example, it was shown in this laboratory that pyelonephritis could be produced by inoculating E. coli into the bladder urine of a rabbit with renal medullary injury.' More recently Vivaldi et al. have reported that pyelonephritis developed in rats even in thel bsence of renal injury, when a strain of Proteus bacteria was inoculated into the bladder cavity."1 It is evident that microorganisms can make the trip from bladder to kidney without difficulty in the normal animal. With relatively virulent organisms such as Proteus or enterococcus, delivery of a sufficient inoculum is the critical prerequisite for infection. However, in the case of coliform bacteria, which are the principal causes of human pyelonephritis, some additional factor is generally required for the occurrence of renal infection.
The hypothesis that obstruction of urine flow facilitates bacterial growth in the renal tissues is supported by the following pieces of evidence, obtained in animal experiments:
1. Organisms capable of causing hematogenous pyelonephritis in normal animals, such as staphylococcus and enterococcus, could not be demonstrated in the urine until after bacterial multiplication was demonstrable within the kidney."6 2. Pyelonephritis was induced by ligating the ureter three or four days after intravenous injection of bacteria, at a time when only a few living organisms were present in the kidney and none was being excreted in the urine.' It is difficult to avoid the conclusion that ligating the ureter created some effect which enabled the few bacteria lying in the kidney tissue to multiply and massively infect the entire kidney.
3. The effect of obstruction on the kidney's susceptibility to infection seemed clearly evident in the pattern of distribution of the acute infectious process which resulted from medullary injury and inoculation via the blood stream. This lesion was described as follows: " . . . one of the most impressive findings was the observation that acute pyogenic infection tended to remain confined to the area of the kidney affected by the medullary lesion, in spite of the fact that the urine in the pelvis of the kidney teemed with bacteria. In the acute stage, at any rate, there seems to be little tendency for unobstructed portions of the kidney to become infected, either by way of lateral spread in the kidney substance or from the pelvic urine."' I FREEDMAN, KAMINSKAS, BEESON 4. Ureteral ligation, although causing stagnation of urine flow throughout the length of the nephrons, did not markedly augment the susceptibility of renal cortical tissue. Even in the presence of total renal obstruction it was possible to demonstrate a marked difference in infectivity of the renal cortex and the medulla.' This points to some determinant of renal susceptibility other than the availability of a pool of tubular fluid.
5. When hydronephrosis was produced in rats and rabbits by gradual ureteral constriction only a slight increase in susceptibility to infection resulted, in contrast to the effect of sudden occlusion of the ureter of a previously normal kidney.8 This again seems to indicate that stagnation of urine flow is not the principal factor in the initiation of acute pyelonephritis.
It would appear that obstruction alters renal resistance to infection not only by making available a stationary supply of culture medium, but probably also by transmitting increased pressure to the kidney parenchyma. This may be the explanation for the observation by Brumfitt and Heptinstall, that obstruction of the renal vein leads to an increased susceptibility to hematogenous pyelonephritis,' since Gottschalk has shown that the pressure effects of ureteral obstruction can be duplicated by increasing renal venous pressure.5
The precise means by which increased tissue pressure lowers resistance to infection cannot be stated. It has been shown, however, by anatomical and functional studies that there is a diminution of renal blood flow associated with ureteral obstruction.10 This may cause alterations in lymph flow, and could affect the function of humoral or cellular host defense mechanisms. Whatever the nature of this change the effect is less easily demonstrated when the obstruction is gradually produced and when it has been present for some months.
SUMMARY
Experiments were designed to study further the mechanism by which obstruction of urine flow increases the susceptibility of the kidney to infection, with particular reference to the factor of bacterial growth in the stagnant fluid. In animals treated with small doses of streptomycin, bacteria multiplied readily in an obstructed segment of the kidney when they could not survive in the urine. It was found also that hematogenous pyelonephritis occurred more readily in association with recent than with old obstructive lesions. These results suggest that the presence of stagnant tubular fluid is not the only factor which accounts for the effect of obstruction.
The evidence presented, together with other observations, is taken to indicate that urinary obstruction lowers the resistance of renal tissue to infection because of some secondary effect of increased tissue pressure.
